The relative binding affinities of Mnt protein from bacteriophage P22 are determined for each possible base pair at position 17 of the operator. These are determined from the partitioning of randomized operators into bound and unbound fractions; quantitation is provided by restriction enzyme analysis. Mnt protein is found to have an unusual specificity at this position: a CG base pair (the wild-type operator) has the highest affinity, a G-C base pair has the lowest affinity, and both orientations of A-T base pairs are intermediate and nearly equivalent. A specific binding constant and specific binding free energy are dermed and shown to be directly related to the information content of the operator sequences bound to the protein, taking into account the quantitative differences in binding affinities.
The Mnt repressor from bacteriophage P22 binds to an operator site on the phage DNA where it blocks transcription from the Pant promoter (1) . Sauer and colleagues (2-4) have extensively studied the binding of Mnt protein to its operator DNA. In addition, a large number of Mnt mutants have been isolated that affect the binding specificity (5) (6) (7) (8) . The specificity of the protein is determined by its amino-terminal domain. It does not contain a helix-turn-helix or zinc-finger DNA binding motif, although sequence homology exists with some other proteins (4, 9) . We have devised a random mutagenesis approach combined with a quantitative binding assay that allows us to determine the relative binding affinity of the protein for any base at a particular position in the operator. This also allows us to calculate the information content (10) (11) (12) for that position of the operator directly from the thermodynamics of binding.
Information content was originally derived from principles of information theory as a quantitative description of the sequence bias that exists in the DNA binding sites of proteins (10) . It can also be derived from principles of likelihood statistics and from statistical mechanics (11, 12) . In fact, Eq. 7 of this paper is analogous to equation 2.5 from chapter 1 of Kullback (13) , termed the "mean information of discrimination" between two hypotheses, given a data set. Eq. 7 is also analogous to equation 2.3.12 of Hobson (14) , where it is shown to be the unique expression that has a set of intuitively reasonable properties for a measure of the information that distinguishes two probability distributions. We first used information content to examine collections of binding sites that were genetically or biochemically defined and known to be important for the proper regulation ofgene expression, but for which distinctions based on binding affinities for different sites, or between sites and nonsites, was not known (10).
Berg and von Hippel (15) showed how this could be related to differences in binding energies for different binding site sequences, based on some assumptions about the selectivity of the protein and the representativeness of the sample of sites. In this work those assumptions are unnecessary because we obtain complete information about the two site distributions, those bound by the protein and those left unbound. Our analysis is completely analogous to the statistical mechanical derivation of information by Hobson (14) , with which we can assign an information content as a property of the DNA binding protein because it provides the force that partitions the collection of binding sites into the two distinguishable distributions. Information content is also shown to be the mean value of a "specific free energy of binding" as defined in the text and shown to have additional reasonable properties.
MATERIALS AND METHODS
Protein and DNA. Wild-type Mnt repressor was kindly provided by Knight and Sauer (8) . DNA was synthesized on an Applied Biosystems model 380A DNA synthesizer. The sequences of the template strand, containing the operator sequence with the randomized position, and of the primer strand are shown in Fig. 1 . The randomized position was synthesized with the "N" mixture supplied by Applied Biosystems. Detritylated, deprotected DNA was gel-purified. The primer was end-labeled with 32P by using T4 polynucleotide kinase (Promega). Labeled, double-stranded DNA was synthesized by annealing the 32P-labeled primer to the template strand and extending with Sequenase (United States Biochemical). The double-stranded DNA was eluted from a 5% NuSieve (FMC) agarose gel and purified through steps of phenol, phenol/chloroform/isoamyl alcohol, and chloroform/ isoamyl alcohol extractions followed by ethanol precipitation.
Binding Reaction and Quantitation. The binding reaction conditions were similar to those of Vershon et al. (3) , with the addition of a nonionic detergent. The binding buffer was 10 mM Tris HC1 at pH 7.5, 10 mM MgCl2, 0.1 mM EDTA, 200 mM KCI, bovine serum albumin at 100 /g/ml, and 0.1% Nonidet P-40. The detergent was added because it was found to eliminate additional low-mobility bands that otherwise arise in reactions with high concentrations of protein, but it did not affect the binding reaction as monitored by the highest mobility bound band. The binding reactions were done at either room temperature for 30 min or at 370C for 1 hr, without significant differences in the results. Each reaction contained _10-7 M DNA and -5 x 10-8 M Mnt protein. The binding reactions were run on a 4% polyacrylamide gel to separate the bound and unbound fractions (3) . In different experiments, the fraction of DNA bound to the protein varied from "50% to 80% (data not shown). The bands for each fraction were cut out of the gel and eluted overnight at 37"C.
As shown in Fig. 1 , depending on which base is present at the variable position, each operator DNA can be cut with one offour different restriction enzymes. For each enzyme, there is also a control site on the DNA to monitor the efficiency of cutting. The enzymes used were Spe I (Boehringer Mannheim or Stratagene), Sau96I (Boehringer Mannheim or Strat-
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. agene), Alu I (Promega), and Mbo I (Stratagene). Digestion was performed as prescribed by the enzyme suppliers. Each of the two eluted bands, corresponding to the bound and unbound fractions of the labeled DNA, were divided into five aliquots, to be cut with the four restriction enzymes or left uncut. Quantitation of the labeled restriction fragments was performed on an AMBIS Systems (San Diego) radioanalytic imaging system, using either a 0.8 x 3.2 mm or a 0.8 x 1.6 mm resolution plate and analyzed by using AMBIS software version 2.0.
RESULTS
Relative Binding Affimities. The binding reaction is a coupled equilibrium with the protein and the four different operator DNAs. The binding reaction can be diagrammed as Table 1 . From the relative association constants we can determine the change in free energy of binding for each change from the wild-type base, AAG (16, 17) . Table 1 also shows those values. As expected, the C-containing operator has the highest affinity for the protein. In our experiment the free protein concentration [P] is not known and cannot be accurately estimated because the binding reactions are done with excess DNA. However, the free protein concentration need not be known to determine the relative association constants for each different operator sequence. For example, the ratio of the association constants for the A-and C-containing operators can be determined by the relative partitioning of the A-and C-containing operators into the bound and unbound fractions:
.4:
The values needed to determine all of the relative association constants can be obtained by quantitating the restriction fragments from the bound and unbound fractions. Fig. 2 shows the results from one experiment. After the bound and unbound DNAs are separated in the "band-shift" gel (data not shown), the DNA from each fraction is subjected to quantitation with restriction enzymes. Fig. 2a shows the results from one experiment of the restriction analysis for the bound DNA fraction, and Fig. 2b Specific Binding Constant. The data presented allow us to calculate the relative binding constants only, not the absolute binding constants. However, the absolute association constant to the C-containing operator has been measured as 4.5
x 1010 M-1 [under our binding conditions (3)], allowing us to also know the absolute binding constants to all of the mutants. We are primarily interested in understanding the mechanism of specific binding, that portion ofthe total binding that changes with changes in the operator sequence.
We define a "specific binding constant" for each base as
is the overall binding constant to the complete mixture of DNA. This is to say that we divide the association constant for the operator b into the product of a specific component that depends on b and a nonspecific component that does not. This is completely analogous to typical methods of determining nonspecific binding constants by measuring the affinity to some heterologous bulk DNA, such as salmon sperm DNA. The main difference is that we have complete information about the proportions of each potential binding site in the DNA mixture and can easily identify sequences that bind both better and worse than the average. Note that, in general, Kn (and therefore also Ks) is not a constant, but depends on the mixture of the different operators in the reaction. For example, given the data in Table 1 it is clear that ifthe mixture of binding sites is mostly C-containing the total binding will be higher than if the mixture is mostly G-containing. However, we can define a "standard condition" under which Kn and K, will be true constants. An appropriate standard condition is for the unbound operators to be present in equal concentrations. This is a simple constraint to apply experimentally: have the total DNA mixture contain each operator in equal concentrations and do the binding with a vast excess of DNA. However, it is not necessary to perform the reactions under the standard conditions, just as those reactions described above were not, because the relative binding affinities are sufficient to calculate the results that would be obtained under any other conditions. Therefore the reactions can be performed under whatever conditions are convenient, and then specific binding constants can be calculated for the standard condition, as described below. ( (10) (11) (12) . Given a collection of binding sites, the information content based on those sites is
b=A Pb [6] where i corresponds to the positions in the binding sites, fib is the proportion of each base at each position in the binding sites, and Pb is the proportion of each base in the genome. If a particular base is absolutely required at some position for binding, then that position contains 2 bits of information (or possibly more ifPb < 0.25), whereas a position that does not influence the binding, for which Lb = Pb, has 0 bits. All numbers between those two extremes are allowed. Information content has usually been determined from known examples of the binding sites for some protein (10, 18) . Berg and von Hippel (15, 19, 20) have shown how the information content can be related to the binding energy of the protein to different sequences, given some assumptions about the randomness of the sample and the selection of the sites. Given the data presented in this paper, we can determine the information content for one position of the binding site based directly on the thermodynamics of the binding reaction. We have challenged the protein with operators containing all possible bases at one position and determined the partitioning of each different operator sequence into the bound and unbound fractions. The bound fraction constitutes the collection of sites; each different site is represented in proportion to its binding affinity. The (6) . Another Mnt mutant of amino acid 6, containing a histidine to alanine change, has also been isolated (4, 8) .
The interaction of the A repressor and Cro proteins with their operators has been extensively studied, both biochemically and genetically. All (15, 19) . Some of the extraneous constraints may be removed with in vivo assays that focus on particular functions (18) , but other constraints may be unavoidable. For example, in vivo there may be threshold effects that limit the range of binding variation that can be detected. The C to G change at the variable position is reduced only =8-fold in our in vitro assays but is an operator-constitutive mutant in vivo. This is probably because a small decrease in the occupancy of the operator is sufficient to allow enough antirepressor protein to be made that the infected cell cannot become lysogenic. A mutation that overproduced the Mnt protein should suppress such an operator mutant, but in the absence of such suppression the collection of all viable operator sequences would not include any with a G in that position (assuming there are not other mutations that could compensate for the decreased binding observed for the G). Such threshold effects will always lead to information content measurements based on example binding sites being larger than measurements based on binding affinities.
In our assays the distinction between a site and a nonsite is intentionally blurred. Rather, we assume that any sequence will be bound by the protein if it is present at a high enough concentration. We are more interested in the continuous distribution of affinities from the best binding sequence to the worst. The information content measurement presented in this paper is based on the relative partitioning of each potential binding site into bound and unbound fractions and is equivalent to an average specific binding free energy, as defined above. The analysis would be equally appropriate for a complete randomization of the entire operator, but it would be impossible to obtain the quantitative data for all 421 different sequences. It is possible to obtain quantitative data for each position of the operator independently. The reliability of using such data to determine the information content of the entire operator depends on how independent the binding contributions are from the different positions (i.e., whether the AAG values from the separate positions can be added to give accurate values for operators with multiple changes). For both the A repressor and Cro proteins, measured binding affinities to several operators, each with multiple changes, are remarkably well correlated (>95%) with predictions based on the single-position AAG values (16, 17) . Whether this will be true for other proteins, or even for the A proteins for sequences that are more different from the consensus binding site, remains to be determined.
The experimental method presented in this paper depends on the ability to distinguish different operator sequences by their being cut by different restriction enzymes. This does not allow the method to be applied at any position in a binding site, although a surprising number of positions can be analyzed in this manner, particularly if one is willing to analyze one position in the background of a single mutation at another position. However, there is a generalization of the method that will allow it to be applied to any position in a binding site, regardless of whether there exists a complement of appropriate restriction enzymes. This requires the ability to obtain "quantitative sequencing" information from the bound and unbound fractions. While conceptually simple, we have found this generalization of the method to be technically difficult. Once perfected, the quantitative sequencing method would allow for the analysis presented in this paper to be applied to any position in a binding site and, in fact, to several positions simultaneously. This would greatly enhance our ability to rapidly obtain quantitative specificity measurements for any DNA binding protein. Other types of quantitative data may also be analyzed in the manner presented, such as the relationships between sequences and functional activities in vivo (22, 23) .
